Synthesis and bioefficacy of fentanyl and its 8 new 1-substituted analogs (1-8) were earlier reported by us. Of these 8 compounds, N-(1-(2-phenoxyethyl)-4-piperidinyl)propionanilide (2), N-isopropyl-3-(4-(N-phenylpropionamido)piperidin-1-yl)propanamide (5), and N-t-butyl-3-(4-(N-phenylpropionamido)piperidin-1-yl) propanamide (6) were found to be more effective and less toxic compared to fentanyl. The present study reports the acute effect of fentanyl (0.50 Median Lethal Dose (LD 50 ); intraperitoneal) and its 3 analogs (2, 5, and 6) on various biochemical and oxidative parameters in mice and various physiological parameters in rats. Blood alkaline phosphatase (1 hour and 7 days) and urea levels (1 hour) were significantly elevated by fentanyl, while alanine aminotransferase levels (1 hour) were increased by both fentanyl and analog 2 compared to the corresponding control. Increase in partial pressure of carbon dioxide and decrease in partial pressure of oxygen were also caused by fentanyl and analog 2 (1 hour). Analog 6 alone elevated malondialdehyde levels in the brain, liver, and kidney tissues (7 days). The LD 50 of fentanyl and analogs 2, 5, and 6 were found to be 0.879, 87.88, 69.80, and 55.44 mg/kg, respectively, in rats. Significant decrease in heart rate, mean arterial pressure, respiratory rate (RR), and neuromuscular transmission was produced by fentanyl and analog 2, while analog 5 decreased the RR alone. The changes, particularly the respiratory depression, were found to be reversed by naloxone, a mreceptor antagonist. Thereby, indicating involvement of m-receptor mediated effects of the compounds. To conclude, all the analogs were found to be less toxic compared to fentanyl, suggesting their possible role in pain management.
Introduction
The opioid analgesics are the best option for the management of severe and chronic pain. One such analgesic is fentanyl, which is a morphine-like narcotic analgesic agent. Fentanyl is a m-receptor agonist and is 50-to 300-folds more potent than morphine. 1 Compared to morphine, strong potency of fentanyl is mainly attributed to its high lipophilicity, which facilitates its entry into the central nervous system. 2 It is a fully synthetic potent opioid analgesic with a rapid onset and short duration of action. Synthesis of fentanyl further resulted in better understanding of the structure-activity relationship of opioid analgesics. This prompted synthesis of many similar compounds with greater potency and higher safety margins. 3 Immediately after synthesis of fentanyl, a series of 4-anilidopiperidine derivatives were synthesized, which were structurally analogous to fentanyl and acted as m-opioid receptor agonists. Among these analogs, alfentanil, sufentanil, and remifentanil found clinical applications in humans. 4 Fentanyl is mainly metabolized in the liver through oxidative deamination at the piperidinic nitrogen to form N-dealkylated norfentanyl. Its minor metabolites are despropionylfentanyl, hydroxyfentanyl, and hydroxynorfentanyl. All metabolites have negligible pharmacological activity. 5, 6 The majority of opioids are excreted as metabolites through kidney. Due to renal transformation of these compounds, effect on kidney is anticipated, which could be clinically presented. 7 Less than 10% of fentanyl is excreted unchanged by the kidney. 8 Acute and repeated exposure of opioids has been found to deplete reduced glutathione (GSH) levels and increase lipid peroxidation, protein oxidation, and oxidative DNA damage. [9] [10] [11] [12] [13] [14] Fentanyl is known to affect various physiological parameters such as respiratory rate (RR), heart rate (HR), blood pressure (BP), and so on. 15 The majority of opioids are known to cause respiratory depression, which restricts their clinical use. Furthermore, the degree of respiratory depression largely varies with different opioids, and currently, there are no opioids which are free from such undesirable effects. 16 Therefore, development of new opioid analgesics with minimal side effects may be more desirable for pain management.
We have earlier reported the synthesis and bioefficacy of fentanyl and its 8 new 1-substituted analogs (1) (2) (3) (4) (5) (6) (7) (8) in mice. 17, 18 Of these 8 analogs tested, N-(1-(2-phenoxyethyl)-4-piperidinyl)propionanilide (2) , N-isopropyl-3-(4-(N-phenylpropionamido) piperidin-1-yl)propanamide (5) , and N-t-butyl-3-(4-(N-phenylpropionamido)piperidin-1-yl)propanamide (6) were found to be more effective and less toxic compared to fentanyl. The present study reports the acute effect of fentanyl and its 3 analogs (2, 5, and 6) on various biochemical, oxidative, and physiological parameters in rodents.
Materials and Methods

Animals
Male Swiss albino mice (25-30 g ) and male Wistar rats (200-250 g) bred in the animal facility of Defence Research and Development Establishment (DRDE), Gwalior, were used in the study. The animals were housed in polypropylene cages on dust-free rice husk as the bedding materials, with free access to food (Ashirwad Brand, Chandigarh, India) and water ad libitum. They were maintained in controlled environmental conditions of ambient temperature (22 C + 2 C) and relative humidity of 40% to 60% in a 12:12 light:dark cycle. The care and maintenance of the animals were as per the approved guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals, India. Animal experiments were carried out with the approval of Institutional Animal Ethical Committee.
Chemicals
All chemicals used in the present study were of the highest purity. Dimethyl sulfoxide (DMSO; CAS 67-68-5), naloxone hydrochloride (naloxone; CAS 51481-60-8), reduced GSH (CAS 70-18-8), glutathione disulfide (GSSG; CAS 27025-41-8), and thiobarbituric acid (CAS 504-17-6) were purchased from Sigma-Aldrich Inc (St Louis, Missouri). N-ethylmaleimide (CAS 128-53-0) and metaphosphoric acid were purchased from Acros Organics (Morris, NJ, USA). Ophthaldialdehyde was purchased from Fluka Chemika (Buchs, Switzerland). Potassium chloride, sodium dodecyl sulfate, and sodium hydroxide were purchased from Merck Ltd (Mumbai, India). Glacial acetic acid was purchased from Ranbaxy (New Delhi, India). Fentanyl and its 1-substituted analogs (2, 5, and 6) were synthesized and characterized by IR, 1 H NMR, 13 C NMR, GC-MS, and elemental analysis in the Synthetic Chemistry Division of DRDE, as per the methods discussed elsewhere. 17, 18 The structures of the compounds are as follows: 
Treatment
Thirty mice were divided into 5 groups of 6 animals each as follows: (1) 50 (IP) of fentanyl and its analogs 2, 5, and 6 was determined during our previous studies. 17, 18 Blood was collected at 1 hour, 24 hours, and 7 days postexposure for various biochemical estimations. Blood was drawn from the retro-orbital plexus of anesthetized animals using heparinized capillary. After 7 days, animals were killed by cervical dislocation and the brain, heart, lung, liver, kidney, and spleen were excised quickly. The organs were rinsed in 0.9% saline, blotted, and weighed to determine organ-to-body weight index (OBI). The OBI was calculated as the ratio of organ weight Â 100 and the animal body weight. Oxidative stress markers were measured in the brain, liver, and kidney homogenate.
In a separate study, 24-hour LD 50 (IP) of fentanyl and its analogs was determined in male Wistar rats by Dixon's up-anddown method using 4 to 6 animals for each LD 50 . 19 Thereafter, 36 rats were divided into 9 groups of 4 animals each as follows: (1) control (DMSO), (2) naloxone (5 mg/kg; subcutaneous; 10 minutes), (3) fentanyl (0.50 LD 50 ), (4) analog 2 (0.50 LD 50 ), (5) analog 5 (0.50 LD 50 ), (6) analog 6 (0.50 LD 50 ), (7) naloxone þ fentanyl, (8) naloxone þ analog 2, and (9) naloxone þ analog 5. Various physiological parameters were measured as discussed below (see "Physiological Studies" section).
Clinical Biochemistry
Various biochemical parameters such as alkaline phosphatase (ALP; U/L), aspartate aminotransferase (AST; U/L), alanine aminotransferase (ALT; U/L), lactate dehydrogenase (LDH; U/L), creatinine (mg/dL), urea (mg/dL), and albumin (g/dL) were measured in blood plasma using commercial diagnostic kits (Merck Ltd). All measurements were made on Ultraviolet Visible spectrophotometer (Thermo Electron Corp., Rugby, Warwickshire, UK).
Blood Gas Analysis
Blood gas and electrolyte analyses were performed 1 hour and 7 days postexposure using an automated blood gas analyzer (Roche OPTI CCA, Mannheim, Germany). Various parameters measured were pH, partial pressure of oxygen (PO 2 ; mm Hg), partial pressure of carbon dioxide (PCO 2 ; mm Hg), bicarbonate (HCO 3 À ; mmol/L), sodium (Na þ ; mmol/L), and potassium
Hematological Variables
Hematological variables, namely, white blood cells, red blood cells (RBCs), hematocrit (HCT), mean cell volume, mean cell hemoglobin concentration, mean cell hemoglobin, platelets, and hemoglobin, were measured 1 hour, 24 hours, and 7 days postexposure by an automated hematology analyzer (Beckman-Coulter Inc., Porterville, CA, USA ).
Oxidative Stress Markers
Oxidative stress markers such as GSH and GSSG levels and lipid peroxidation were measured in the brain, liver, and kidney homogenate. Reduced GSH and GSSG were estimated by the method of Hissin and Hilf 20 and expressed as mmol/g wet tissue. Lipid peroxidation was assessed by measuring malondialdehyde (MDA) levels, and the values were expressed as nmol/g wet tissue. 21 
Urine Analysis
Pooled urine samples were collected 24 hours and 7 days postexposure from animals housed in metabolic cages and examined for pH, protein, glucose, ketones, urobilinogen, bilirubin, and blood using urinalysis strips (Multistix SG) of Siemens Healthcare Diagnostics Ltd (Baroda, India).
Physiological Studies
All animals were anesthetized with urethane (1.6 g/kg; IP) and various physiological parameters were recorded on Grass Polygraph (model 7-16 P-35) at different time intervals. Briefly, the trachea was cannulated and connected to a pneumotachometer (Fleisch tube) to record the RR through a differential pressure transducer (Hugo Sachs Elektronik, MarchHugstetten, Germany). The carotid artery was cannulated to record BP with a low-level DC preamplifier (model 7 P1) attached to a pressure transducer (P 23 1D; Gould Laboratories, Pitman, NJ, USA). Mean arterial pressure (MAP) was calculated from the recorded BP. Pulse signals were also fed into a tachograph preamplifier (type 7 P4) to record the HR. The neuromuscular transmission (NMT) studies were carried out to record the twitch responses. The gastrocnemius muscle was opened and the sciatic nerve was stimulated with a supramaximal voltage (1-10 V) of 0.2 milliseconds duration at a frequency of 0.2 Hz using a Grass stimulator model S 11 (Grass Instrument, Quincy, MA, USA). The twitch response of muscle was recorded using a force transducer (model FT0-3). Rectal temperature (RT) was measured using a rectal probe. Animals were allowed to stabilize prior to various treatments.
Statistics
The results are expressed as mean + standard error of the mean (SEM). The data were analyzed by 1-way analysis of variance followed by Dunnett test. Statistical significance was drawn at *P < 0.05 and **P < 0.01 levels using SigmaStat software (SPSS Inc., Chicago, IL, USA). Table 1 shows the effect of fentanyl and its analogs on different biochemical parameters in mice blood. The ALP levels were significantly elevated in the fentanyl-treated group 1 hour and 7 days postexposure, while the ALT levels were increased in the fentanyl and analog 2-treated groups 1 hour postexposure, compared to the corresponding control. The urea levels were significantly increased in the fentanyl-treated group alone 1 hour postexposure. Table 2 shows the effect of fentanyl and its analogs on blood gas and electrolyte variables. Fentanyl and its analog 2 significantly increased PCO 2 and decreased PO 2 after 1 hour compared to control. Fentanyl and its analogs did not show any significant change in various hematological variables when observed 1 hour, 24 hours, and 7 days postexposure (Table 3) . Effects of fentanyl and its analogs on GSH, GSSG, and MDA levels in different organs of mice are shown in Table 4 . There was no change in GSH and GSSG levels in brain, liver, and kidney in all the treated groups. However, MDA levels in the brain, liver, and kidney were found to be increased in analog 6-treated group alone after 7 days exposure. Animals treated with fentanyl and its analogs did not show any change in the body weight, OBI, and urine analysis (data not shown).
Results
The LD 50 values of fentanyl and analogs 2, 5, and 6 in rats are depicted in Table 5 . Fentanyl was found to be most toxic (LD 50 ¼ 0.879 mg/kg) followed by 6 (LD 50 ¼ 55.44 mg/kg), 5 (LD 50 ¼ 69.80 mg/kg), and 2 (LD 50 ¼ 87.88 mg/kg). Fentanyl and its analogs showed significant changes in physiological variables. Typical polygraphic tracings of vehicle control (DMSO) and fentanyl-treated animal are shown in Figure 1A and B, respectively. Typical fentanyl-induced respiratory depression was observed, along with changes in HR, MAP, and NMT. Figure 2 shows the effect of DMSO, fentanyl, and its analogs on physiological variables, namely, HR, MAP, RR, NMT, and RT. Dimethyl sulfoxide did not produce any change in the physiological variables. In fentanyl-treated group, there was a significant decrease in HR, MAP, and RR between 15 minutes and 2 hours, while NMT was decreased between 30 minutes and 2 hours. In analog 2-treated group, a significant decrease in HR, MAP, RR, and NMT was observed, which persisted from 15 minutes to 2 hours. In analog 5-treated group, only RR was significantly decreased from 30 minutes to 2 hours, and the decrease in MAP and NMT was not statistically significant compared to the corresponding control. Analog 6 did not produce significant change in any physiological variables. Only a minimal decrease in RR was observed between 30 minutes and 2 hours. Fentanyl and its analogs did not produce any change in RT. All the analogs produced change in RR, which was more or less similar to fentanyl. Figure 3 shows the effect of fentanyl and its analogs on physiological variables in the presence of naloxone. Although physiological changes caused by fentanyl were found to be restored by naloxone, the same induced by analog 2 was not completely abolished. Also, a significant decrease in MAP caused by analog 2 was not restored by naloxone, while a persistent decrease in NMT was not of any statistical significance. Naloxone was also found to prevent the changes in RR produced by analog 5. At the same time, analog 6 did not produce any significant alterations in any of the physiological parameters. Therefore, its effects were not tested further in the presence of naloxone.
Discussion
Opioids are widely used as potent analgesic agent. They are safe and effective if taken as prescribed by the physician. However, overdosing can cause coma and life-threatening respiratory depression. 22 The present study was designed to determine the acute effect of single sublethal dose of fentanyl and its 3 new analogs, namely, 2, 5 and 6, on various biochemical, oxidative, and physiological variables. The liver and kidney are responsible for drug metabolism and excretion. Therefore, in the present study, AST, ALT, LDH, and albumin were evaluated as markers for hepatic function and creatinine and urea as markers for renal function. The elevated levels of ALP (fentanyl), ALT (fentanyl and analog 2), and urea (fentanyl) are possibly due to hepatotoxic and nephrotoxic potential of these compounds, which however were transient in nature. Previous study reported the increased levels of ALT, AST, LDH, and blood urea nitrogen in rats after long-term administration (30 days) of morphine 9 and tramadol. 23 In opioid-naive animals, morphine, fentanyl, and methadone have been shown to be responsible for significant dose-dependent decrease in arterial pH and PaO 2 and increase in PaCO 2 . [24] [25] [26] In our study, significant increase in PCO 2 and decrease in PO 2 were observed in fentanyl-and analog 2-treated groups, and a partial decrease in blood pH was also observed but not of statistical significance. Previous study also showed a significant decrease in arterial pH and PaO 2 and an increase in PaCO 2 after fentanyl (80% of LD 50 ) administration in rats. 27 In the same study, it was also reported that opioid-induced alterations in respiratory patterns and blood gases were not uniform and exhibited molecule-specific patterns. In another study, intramuscular (IM) injection of fentanyl (30 mg/kg) was not found to exhibit significant influence on blood gas levels in rats 5 to 10 minutes postexposure. 28 In our present study, we did not find significant changes in the hematological variables. However, in a case report of opioid overdose, decrease in RBC count, HCT, and platelet count was observed. 22 In another study, fentanyl (30 mg/kg; IM) was not found to significantly affect the HCT in rats 5 to 10 minutes postexposure. 28 Opioids are able to induce reactive oxygen species formation in several cells. 29, 30 Also, opioids are reported to impair the antioxidant defense system, including decrease in the levels of various enzymatic and nonenzymatic antioxidants, [31] [32] [33] and cause lipid peroxidation. 34 In the present study, a single-dose administration of fentanyl and its analogs did not produce significant change in GSH and GSSG levels in the brain, liver, and kidney 7 days postexposure. Moreover, fentanyl and its analogs 2 and 5 did not cause lipid peroxidation, as evidenced by MDA levels. However, a significant increase in MDA levels was observed in the brain, liver, and kidney in analog 6-treated group, suggesting pronounced lipid peroxidation. As such, Figure 1 . A typical tracing on the effect of DMSO and fentanyl (0.50 LD 50 ; intraperitoneal) on various physiological parameters in anesthetized rats. DMSO denotes dimethyl sulfoxide. Twenty-four hours median lethal dose (LD 50 ) of fentanyl and analogs 2, 5, and 6 (intraperitoneal) was determined in male rats by Dixon's up-and-down method using 4 to 6 animals for each value.
there is no report on acute effect of fentanyl or its analogs on GSH, GSSG, and MDA levels in experimental animals. However, a transient increase in blood MDA level was reported in a patient of renal colic pain after fentanyl administration. 35 A significant depletion of GSH in peripheral organs following acute systemic or central administration of opioids has been reported. 36 One study also reported an increase in MDA levels in plasma after long-term administration (30 days) of morphine in rats. 9 In another experiment, morphine was found to decrease GSH levels in the brain of rat 11 and rabbit. 13 Similar to our previous studies in mice, 17, 18 in the present study, also analogs 2, 5, and 6 were found to be less toxic compared to fentanyl in rats. Analogs 2, 5 and 6 were almost 100, 79, and 63 times less toxic compared to fentanyl, respectively. Further, the present study showed that acute administration of fentanyl and its analog 2 caused a significant decrease in HR, MAP, RR, and NMT, while analog 5 caused a significant decrease in RR only. Influence of opioids, including the cardiovascular effects, is dependent on the type of opioid agent and the type of receptor stimulated. 37 At therapeutic doses, fentanyl has no major effects on the BP or cardiac rate and rhythm. Such doses do produce peripheral vasodilation, reduced peripheral resistance, and an inhibition of baroreceptor reflexes. Massive doses of fentanyl (5-200 times the clinically recommended dose) result in slight to moderate decreases in cardiac output, HR, and BP. 38 In another experiment, Figure 2. Effect of fentanyl and its analogs on various physiological parameters in anesthetized rats. Male rats were intraperitoneally treated with fentanyl and its analogs 2, 5, and 6 (0.50 LD 50 ). Heart rate, mean arterial pressure, respiratory rate, neuromuscular transmission, and rectal temperature were measured at various time intervals using a polygraph. Values are expressed as percentage of the corresponding control and are mean + SEM (n ¼ 4). Statistical significance was drawn at *P < 0.05 and **P < 0.01. SEM denotes standard error of the mean. Figure 3 . Effect of fentanyl and its analogs on various physiological parameters in anesthetized rats. Male rats were intraperitoneally treated with fentanyl and its analogs 2, 5, and 6 (0.50 LD 50 ) in the presence of naloxone hydrochloride (5 mg/kg, subcutaneous; -10 minutes). Heart rate, mean arterial pressure, respiratory rate, neuromuscular transmission, and rectal temperature were measured at various time intervals using a polygraph. Values are expressed as percentage of the corresponding control and are mean + SEM (n ¼ 4). Statistical significance was drawn at *P < 0.05 and **P < 0.01. SEM denotes standard error of the mean.
bradycardia was also observed after fentanyl administration. 14, 39 Moreover, Gardocki and Yelnosky 15 also reported a decrease in BP after fentanyl administration. The mechanism of opioid-induced bradycardia is not fully understood, but a centrally mediated increase in parasympathetic tone, direct negative chronotropic action at the sinus node, potentiation of vagally released acetylcholine at the sinus node, and reduction in sympathetic activity have all been implicated. [40] [41] [42] [43] [44] Fentanyl produces a dose-dependent respiratory depression, which is similar to that observed with other m-opioids, but here the onset is more rapid. 27 In our present study, fentanyl and its analog 2 caused significant decrease in RR between 15 and 120 minutes, while analog 5 caused a significant decrease in RR between 30 and 120 minutes. Analog 6 also decreased RR, but it was nonsignificant compared to control or other analogs. Our results are in agreement with several previous reports where a decrease in RR was observed after fentanyl treatment. 14, 45 In one of our recent studies, fentanyl and its analogs 2, 5, and 6 were also found to decrease respiratory frequency and cause respiratory depression following inhalation of smoke of these compounds in a static exposure assembly. 46 All mopioid receptor agonists, including fentanyl, produce dosedependent respiratory depression. Respiratory depression is the main hazard of opioid use because of the obvious risk of fatal outcome. 16, 27 The degree of respiratory depression varies between different opioids, and there are currently no opioids available that are devoid of respiration-related side effects. 16 In the present study, all the analogs caused respiratory depression, which was of lesser magnitude compared to fentanyl. Therefore, this observation seems important as most unwanted effect of the opioids is respiratory depression. As with analgesia, respiratory depression induced by fentanyl after small doses is of shorter duration compared to morphine but is of similar duration after large doses. Morphine-like opioids cause respiratory depression by a direct effect on the brain stem respiratory center and it is noticeable even with doses too small to disturb consciousness and increases gradually as the dose is increased. In human beings, death from opioid poisoning is nearly always due to respiratory arrest. 47 In our study, fentanyl and its analog 2 caused a significant decrease in NMT; analog 5 also decreased NMT but not of statistical significance. Previous study also showed a decrease in NMT after fentanyl administration. 15 Furthermore, a dose-dependent depression in diaphragmatic twitch tension was observed at a concentration >150 ng/mL of fentanyl in response to phrenic nerve stimulation. 48 Opioids have been found to act on neuromuscular junction to inhibit acetylcholine release. The effect was suggested to be both opioid receptor-mediated and nonspecific actions. 49 Opioids have a direct and dual effect on the skeletal muscle. 50 The stereospecific opioid receptor has been shown to be present on the skeletal muscle membrane 51 and is suggested to be located on the inner opening of the sodium gate. When opioids bind to the receptor, the sodium conductance is inhibited. Large doses of opioids possess a local anesthetic effect on the skeletal muscle membrane and thus inhibit the sodium conductance. 50 The receptor-mediated and local anesthetic-like effects induce the depression of action potential, which consecutively reduce the amount of calcium release from intracellular sarcoplasmic reticulum. Therefore, the force of muscle contraction is depressed. 48 In the present study, fentanyl and its analogs did not produce significant change in the RT. However, previous study reported hyperthermia at low doses and hypothermia at higher doses after fentanyl administration in rats. 52 The effects of opioids on the body temperature have been shown to be complex and dependent on numerous factors such as species, strain, dose, route of administration, receptor specificity, age, degree of restraint, handling, and environmental temperature. 53, 54 The present study also confirmed that the physiological changes, particularly the respiratory depression, caused by fentanyl and its analogs were found to be reversed by naloxone hydrochloride (a m-opioid receptor antagonist), indicating m-receptormediated effects of the compounds.
The present study shows that (1) fentanyl and analog 2 produced minor biochemical changes indicative of hepatic and renal dysfunction, but the changes were very transient, (2) analog 6 caused significant lipid peroxidation in 3 vital organs, (3) and fentanyl and analogs 2 and 5 caused severe respiratory depression, which favorably responded to pretreatment of naloxone. In conclusion, all the fentanyl analogs were found to be less toxic compared to fentanyl, suggesting their possible role in pain management.
